Introduction
Grinding is one of the most important and energy-consuming processes in cereal industry. This process consumes from 70% of total power during the feed production up to 90% during wheat flour milling. The grinding energy requirements depend on kinematical and geometrical parameters of the grinding machine and physical properties of the ground material. Knowledge of the grinding properties of grain is essential to adjust the correct parameters of grinding and sieving machines. It is the best way to produce higher and better-quality product yields at minimum energy requirements. From among the physical properties, the mechanical ones have the greatest influence on grinding energy consumption. These properties depend mainly on a cultivar, but also form agroclimatic and agro-technical factors. Wetting or drying the grains can also modify them [1] [2] [3] [4] [5] [6] [7] found that increasing the screen size of hammer mill from 3.2 to 4.8 and 6.33 mm gave a decrease of 30 and 55% in grinding energy under operating conditions at drum speed 2930 rpm, no. of hammers 12 hammer and moisture content 5.1%. Increasing of drum speed from 1460 to 2930 and 3910 rpm gave a decrease of 59.1 and 67.9% in grinding energy under operating conditions at screen size of 6.35 mm, no. of hammers 12 hammers and grain moisture content 5.4%. Increase of the grain moisture content from 5.4 to 8.1 and 11.4% gave an increase of 20.1 and 49% in grinding energy under operating conditions at drum speed 2930 rpm, screen size 6.35 mm, no. of hammers 12 hammers. Increasing of no. of hammers from 6 to 8, 10 and 12 hammers gave a decrease of 22.8, 39.5 and 50.4% in grinding energy under operating conditions at drum speed 2930 rpm, screen size 6.35 mm and grain moisture content 5.1%. And he added that higher fineness of grinding % (fine) was obtained at lower grain moisture content and higher drum speed. In addition, as to fineness degree of grinding (medium and coarse) an opposite trend results comparing with the fineness degree of grinding (fine).
Comparing the specific energy, grinding rate, and particle size using a hammer mill with two hammer thickness scenarios: 3.2 and 6.4 mm. The average specific energy for thin hammer tests was 10.2 kW h/ Mg, which was 13.6% less than that of the thick hammer (11.8 kW h/ Mg). The grinding rate was higher for the thin hammer configuration [8, 9] reported that the specific grinding energy of uncrushed kernels ranged from 72.3 to 146.7 kJ·kg −1 and from 67.0 to 114.4 kJ·kg −1 for Turnia and Slade, respectively. The crushing caused a decrease of specific grinding energy in both cultivars. The total specific grinding energy of crushed kernels (the sum of crushing energy and grinding energy) ranged from 47.6 to 100.5 kJ·kg −1 and from 44.6 to 85.3 kJ·kg
for hard and soft wheat, respectively. In addition, the other grinding energy indices confirmed that crushing of kernels prior to hammer mill grinding considerably reduced the grinding energy requirements. Kilborn et al. [4] found that the total specific milling energy ranged from 46 kJ·kg −1 for soft wheat cultivars to 124 kJ·kg −1 for durum wheat.
The results concerning the influence of grain mechanical properties on wheat grinding energy requirements. The investigations were carried out on 10 wheat varieties (grain moisture was 15%). The results showed that the specific grinding energy ranged from 22 to 37 kJ.kg -1 . The grinding efficiency index ranged from 0.215 to 0.342 m 2 .kg -1 [10, 11] reported that wheat and barley straws, corn stover and switchgrass at two moisture contents were ground using a hammer mill with three different screen sizes (3.2, 1.6 and 0.8 mm). Energy required for grinding these materials was measured. Among the four materials, switchgrass had the highest specific energy consumption (27.6 kW h t −1 ), and corn stover had the least specific energy consumption (11.0 kW h t −1 ) at 3.2 mm screen size [12] studied the effect of the operational parameters on the fineness of the ground corn. The screen opening size was the most significant factor effect on the ground corn fineness. The screen opening size of 14 mm, number of hammers of 45 and the speed of 28.6 m/s resulted in medium ground corn fineness.
The main aim of this study is to investigate the effect of grinding parameters on the performance, energy consumption and ground quality.
Materials and methods
The main experiment was carried out at the Feed Manufacturing Plant, Faculty of Agriculture, Moshtohor, Benha University, Egypt during the period from October to February, 2012-2013 to optimize some grinding parameters and their effects on the quality of corn for feed processing.
Materials
Corn grain: Experiments were carried out on yellow corn grain different moisture contents.
Hammer mill prototype: Figure 1 show the schematic diagram of the hammer mill which consists of hammer tip, rotor, hammers and screen. The hammer tip diameter is 47 cm and the mill width is 70 cm. The rotor carries four rows of rectangular hammers with a width of 4.3 cm and a length of 15 cm. The hammers swing about their pivots while the rotor is rotating. The specification of the hammer mill are listed in Table 1 .
Measuring devices: Vernier caliper (model DIN 862, measuring range 0-150 mm with an accuracy of ± 0.05 mm) was used to measure the diameter of different sieve holes, diameter of different die holes and dimensions of corn grains. The power requirement (kW) was determined by recording the voltage and current strength by using the clamp meter (made in China, Model DT266, Measuring range 200/1000A and 750/1000V with an accuracy of ± 0.01) to measure the line current strength (I) and the potential difference value (V). Two digital balances were used during the experiment execution. Balance (1) (made in China, Model YH-T7E, measuring range of 0-300 kg ± 0.05 kg)It was used to determine the mass of the ground grains before grinding process. Balance (2) (made in Japan, model CG-12K, measuring range of 0-12 kg ± 0.001 kg). It was used to determine the mass of the ground grains after grinding process (samples 200 g). Grain moisture tester (made in Japan, model PM 300 and accuracy ± 0.2-0.5%) It is used to record moisture content for grains. Standard testing sieve(made in Egypt, No. of sieves 5 and measuring range of 1-7 mm) used to clear grinding grain for measuring the fineness degree, mean weight diameter and size reduction ratio.
Methods
The hammer mill was evaluated at three sieve holes diameter (4, 6 and 8 mm) and three levels of corn moisture contents (10, 14 and 18% w.b).The mill productivity is determined by dividing the product mass by time; Mg/h. The specific energy consumption: Electrical power consumption was estimated from the measured electric current and voltage values and estimated according to [13] as follows from equation: 
Where Ep is the electrical power, kW, I is the electric current, Amperes, η the mechanical efficiency assumed to be 0.95 [14] , V the electrical voltage, V and cos φ the power factors being equal to (0.84).
The specific energy consumption (kJ/kg) was calculated by using the following equation:
Total energy consumption The specific energy consumption Productivity =
Energy density consumption: The energy density consumption (kJ/m 3 ) was calculated by using the following equation:
Where Ed is the energy density, kJ/m 3 , ρ the bulk density of the ground material, kg/m 3 and represents the differential weight fraction, kg/kg.
Fineness degree (particle size distribution):
The ground corn samples were classified in to five main grades on the basis of modulus of fineness as follow: [(particle size <1 mm), (1< particle size <2 mm), (2< particle size < 3 mm), (3< particle size <5 mm) and (5< particle size <7 mm)]. Each grade was weighed and percentage of each class was calculated.
Mean weight diameter:
To determine the mean weight diameter, the ground corn samples were classified in to five main grades on the basis of modulus of fineness starting from particle size less than 1 mm to larger than 5 mm. The total weight of samples and the mass of each product categories were weighed using a precise digital scale with an accuracy of 0.001 kg. The percent distribution of each fraction was determined by dividing the fraction's mass with the total mass of the output product according to [15] from the following equation. 
Items Values
Screen length, cm 136
Screen width, cm 20
Mill diameter, cm 50
Rotor speed, rpm 1450
Number of rows 4
Number of hammers in each row 4
Rotor width, cm 15
Source of power AC Motor (20 hp)
Knives shape Rectangular
Knives width, cm 4.3
Knives length, cm 15
Knives thickness, cm 0.7 Size reduction ratio: The size reduction ratio, which is the ratio of initial to final particle size. The size reduction ratio was estimated according to [16] as follows from equation:
Average size of the corn Average size of the product (7) Where S R is the size reduction, times.
Grinding ability index:
The grinding ability index was calculated as a ratio of the grinding energy to the surface area of the pulverized material described by [17] * * 6
Where GAI is the grinding ability index, kJ/m 2 , SEC the specific energy consumption, kJ/kg and ρ the bulk density of the grinding material, kg/m 3 .
Grinding index:
The grinding index was calculated on the basis of the size reduction theory described by [18] . 1 1
Where GI is the grinding index, kJ.mm 0.5 /kg, G j the mass fraction of a particular size class j, kg/kg, D j represents the size of the fraction, mm and D the average particle size of the material before grinding, mm.
Grinding effectiveness:
The grinding effectiveness, which is the ratio of final to initial surface area. The grinding effectiveness was estimated according to [19] as follows:
Surface area after grinding Grinding effectiveness
Surface area before grinding = (11) The surface area after grinding was calculated according to [19] as follows: 
The surface area before grinding was calculated according to [20] as follows:
Where L is the length of single grain, mm, W the width of single grain, mm and T the thickness of single grain, mm.
Results and Discussions

Hammer mill evaluation
The mill was evaluated by studying the relationship between the mill performance, energy consumption, grinding index, grinding ability index and ground product quality (mean weight diameter, fineness degree, size reduction, bulk density and grinding effectiveness).
Performance, specific energy and energy density consumption: Figures 2-4 show the effect of sieve hole diameter and cereal moisture content on the performance, the specific energy and energy density consumption of the hammer mill. It could be seen that the mill performance decreased with increasing the moisture content and increased by increasing sieve hole diameter, where it decreased from 1.44 to 0.70 Mg/h at 4 mm hole diameter, from 3.02 to 1.61 Mg/h at 6 mm hole diameter and it decreased from 6.83 to 4.38 Mg/h at 8 mm sieve hole diameter when the moisture increased from 10 to 18%. The reduction percentage was 51.40% at 4 mm hole diameter, 46.70% at 6 mm and 35.90% at 8 mm hole diameter. Meanwhile the increasing percentage due to the effect of sieve hole diameter was 78.92% at 10% moisture content, 80.47% at 14% moisture content and 84.02% at 18% moisture content.
These results could be attributed to that the increase of grain moisture content caused an increase of grain plasticity and thus difficulties with grinding therefore needs more time to complete grinding, which leads to lower productivity of the hammer mill [21] .
Multiple regression was carried out to find a relationship between the mill performance and both the moisture content (10-18%) and sieve hole diameter (4-8 mm) . the most suitable form obtained was as follows:
Where Mp is the mill performance, Mg/h, Ds sieve hole diameter, mm and Mc moisture content, %.
Regarding the specific energy consumption, the results indicated that the specific energy consumption increased with increasing the moisture content and decreased with increasing the sieve hole diameter, where it increased from 15.83 to 32.72 kJ/kg at 4 mm hole diameter, from 7.57 to 14.24 kJ/kg at 6 mm hole diameter and it increased from 3.38 to 5.20 kJ/kg at 8 mm sieve hole diameter when the moisture increased from 10 to 18%. The increasing percentage was 51.62% at 4 mm hole diameter, 46.84% at 6 mm and 35.00% at 8 mm hole diameter. Meanwhile the reduction percentage due to the effect of sieve hole diameter was 78.65% at 10% moisture content, 80.47% at 14% moisture content and 84.11% at 18% moisture content.
This may be due to the fact that the increase in moisture content causes increase in kernel plasticity therefore increases the shear strength of the corn grain, which leads to higher energy consumption for grinding [1, 2, 22] . These results trend agreed with those obtained by [7, 21] .
Multiple regression was carried out to find a relationship between the specific energy consumption and both the moisture content (10-18%) and sieve hole diameter (4-8 mm) . the most suitable form obtained was as follows: 
Where SEC is the specific energy consumption, kJ/kg.
Regarding the energy density consumption, the results indicated that the energy density consumption increased with increasing the moisture content and decreased with increasing the sieve hole diameter, where it increased from 9.84 to 18.82MJ/m 3 at 4 mm hole diameter, from 4.56 to 7.61 MJ/m 3 at 6 mm hole diameter and it increased from 1.99 to 2.73 MJ/m 3 at 8 mm sieve hole diameter when the moisture increased from 10 to 18%. The increasing percentage was 47.72% at 4 mm hole diameter, 40.08% at 6 mm and 27.12% at 8 mm hole diameter. Meanwhile the reduction percentage due to the effect of sieve hole diameter was 79.78% at 10% moisture content, 81.57% at 14% moisture content and 85.49% at 18% moisture content. Figures 5 and 6 show the effect of sieve hole diameter and cereal moisture content on the grinding index and the grinding ability index of the hammer mill. It could be seen that the grinding index increased with increasing the moisture content and decreased with increasing sieve hole diameter, where it increased from 34.44 to 91.28 kJ mm /kg at 8 mm sieve hole diameter when the moisture increased from 10 to 18%. The increasing percentage was 62.27% at 4 mm hole diameter, 55.68% at 6 mm and 47.02% at 8 mm hole diameter. Meanwhile the reduction percentage due to the effect of sieve hole diameter was 64.14% at 10% moisture content, 68.51% at 14% moisture content and 74.46% at 18% moisture content.
Grinding index and grinding ability index:
Multiple regression was carried out to find a relationship between the grinding index and both the moisture content (10-18%) and sieve hole diameter (4-8 mm The grinding ability index is an important indicator for the relationship between the required energy of grinding and the level of pulverization of ground cereal the results indicated that it ranged from 0.81 to 6.00 kJ/m 2 depending on the sieve hole diameter and the moisture content of the cereals. The results indicated that the grinding ability index increased with increasing the moisture content and decreased with increasing the sieve hole diameter, where it increased from 2.41 to 6.00 kJ/m 2 at 4 mm hole diameter, from 1.38 to 2.74 kJ/m 2 at 6 mm hole diameter and it increased from 0.81 to 1.31 kJ/m 2 at 8 mm sieve hole diameter when the moisture increased from 10 to 18%. The increasing percentage was 59.83% at 4 mm hole diameter, 49.64% at 6 mm and 38.17% at 8 mm hole diameter. Meanwhile the reduction percentage due to the effect of sieve hole diameter was 66.39% at 10% moisture content, 71.12% at 14% moisture content and 78.17% at 18% moisture content. The results are similar to these reported by [23] .
Multiple regression was carried out to find a relationship between 
The ground quality
Product mean weight diameter and size reduction: Figures 7 and  8 show the effect of sieve hole diameter and cereal moisture content on the product mean weight diameter and size reduction of the hammer mill. It could be seen that the product mean weight diameter increased with increasing the moisture content and increased by increasing sieve hole diameter where it increased from 1.47 to 1.91 mm at 4 mm hole diameter, from 1.81 to 2.16 mm at 6 mm hole diameter and it increased from 2.45 to 2.89 at 8 mm sieve hole diameter when the moisture increased from 10 to 18%. The increasing percentage was 23.04% at 4 mm hole diameter, 16.20% at 6 mm and 15.22% at 8 mm hole diameter. Meanwhile the increasing percentage due to the effect of sieve hole diameter was 40.00% at 10% moisture content, 36.15% at 14% moisture content and 33.91% at 18% moisture content.
Multiple regression was carried out to find a relationship between the product weight mean diameter and both the moisture content (10-18%) and sieve hole diameter (4-8 mm) using sieve the most suitable form obtained was as follows:
Where MWD is the product mean weight diameter, mm.
Regarding the size reduction, the results indicated that the size reduction decreased with increasing both the moisture content and sieve hole diameter, where it decreased from 5.10 to 3.93 times at 4 mm hole diameter, from 4.14 to 3.47 times at 6 mm hole diameter and it decreased from 3.11 to 2.70 times at 8 mm sieve hole diameter when the moisture increased from 10 to 18%. The reduction ratio percentage was 22.94% at 4 mm hole diameter, 16.18% at 6 mm and 13.18% at 8 mm hole diameter. Meanwhile the reduction percentage due to the effect of sieve hole diameter was 39.02% at 10% moisture content, 32.08% at 14% moisture content and 31 % at 18% moisture content.
Multiple regression was carried out to find a relationship between the size reduction and both the moisture content (10-18%) and sieve hole diameter (4-8 mm) . The most suitable form obtained was as follows:
Where S R is the size reduction, times.
From the results, it could be concluded that the mean weight diameter ranged from 1.47 to 2.89 mm as the sieve hole diameter changed from 4 to 8 mm. on the other hand, the size reduction reached as high 5.10 times to as low as 2.60 as the sieve hole diameter changed from 4 to 8 m with different moisture content (10-18%). Figure 9 shows the effect of sieve hole diameter and cereal moisture content on the fineness degree. It could be seen that the increase of grains moisture content caused a decrease in percentage of fine milled corn (FMC), while percentage of coarse milled corn (CMC) increases. The obtained results show that, decrease percentage of (FMC) from 38.34 to 30.34% at 4 mm hole diameter, from 32.82 to 28.17% at 6 mm hole diameter and it decreased from 25.50 to 17.50% at 8 mm hole diameter, while the percentage of (CMC) increase from 5.50 to 19.33% at 4 mm hole diameter, from 16.33 to 28.67% at 6 mm hole diameter and it increased from 37.17 to 48.17% at 8 mm hole diameter. Also it noticed that the increase of sieve hole diameter caused a decrease in percentage of (FMC), while percentage of coarse milled corn (CMC) increases.
Fineness degree (Particle size distribution):
Therefore, it can be concluded that the percentage of fin grinding is inversely proportional with the sieve hole diameter and grain moisture content. This can be explained by the fact that the resistance force decreases when the hole diameter increases and material can easily pass through the sieve hole diameter without much friction. These results trend agreed with those obtained by [24] .
Bulk density: Figure 10 shows the effect of sieve hole diameter and cereal moisture content on the bulk density of corn crushed. It could be seen that the bulk density decreased with increasing the moisture content and decreased by increasing sieve hole diameter, where it decreased from 621.34 to 575.08 kg/m 3 at 4 mm hole diameter, from 602.17 to 534.28 kg/m 3 at 6 mm hole diameter and it decreased from 590.20 to 524.58 kg/m 3 at 8 mm sieve hole diameter when the moisture increased from 10 to 18%. The reduction percentage was 7.45% at 4 mm hole diameter, 11.27% at 6 mm and 11.12% at 8 mm hole diameter. Meanwhile the reduction percentage due to the effect of sieve hole diameter was 5.01% at 10% moisture content, 5.60% at 14% moisture content and 8.78% at 18% moisture content (Figures 11-13 ).
This was due to the fact that an increase in mass owing to moisture gain in the sample was lower than accompanying volumetric expansion of the bulk [25] .
Multiple regression was carried out to find a relationship between the bulk density and both the moisture content (10-18%) and sieve hole diameter (4-8 mm) . the most suitable form obtained was as follows: 
Where ρ is thebulk density, kg/m 3
Grinding effectiveness: Table 2 shows the effect of sieve hole diameter and cereal moisture content on the grinding effectiveness of the hammer mill. It could be seen that the grinding effectiveness decreased with increasing the sieve hole diameter, where it decreased from 14.40 to 8.88 at 10% moisture content, from 13.74 to 9.08 at 14% moisture content and it decreased from 13.47 to 9.82 at 18% moisture content when the sieve hole diameter increased from 4 to 8 mm. The reduction percentage was 38.33% at 10% moisture content, 33.92% at 14% and 27.10% at 18% moisture content.
Multiple regression was carried out to find a relationship between the grinding effectiveness and both the moisture content (10-18%) and sieve hole diameter (4-8 mm) . the most suitable form obtained was as follows: 
Where GE is the grinding effectiveness.
Regression was carried out to find a relationship between the mill sieve hole diameter and both mill productivity, specific energy consumption, product mean weight diameter and size reduction. Ds: sieve hole diameter, mm.
MWD: product mean weight diameter, mm.
Conclusion
• The highest performance (6.83 Mg/h) was obtained at 8 mm hole diameter and 10% moisture content which decreased to the lowest performance (0.7 Mg/h) which obtained at 4 mm hole diameter and 18% moisture content. WSG: weight of single grain and WSP: weight of single particle Table 2 : Effect of sieve hole diameter and cereal moisture content on the grinding effectiveness.
• The highest specific energy, energy density consumption, grinding index and grinding ability index 32. • The ground product
• The highest mean weight diameter (2.89 mm) was obtained at 8 mm hole diameter and 18% moisture content which decreased to the lowest mean weight diameter (1.47 mm) which obtained at 4 mm hole diameter and 10% moisture content.
• The highest size reduction and bulk density 5.10 times and 621.34 kg/m 3 , respectively was obtained at 4 mm hole diameter and 10% moisture content which decreased to the lowest size reduction and bulk density 2.60 times and 524.58 kg/m 3 , respectively which obtained at 8 mm hole diameter and 18% moisture content.
• The highest grinding effectiveness (14.40) was obtained at 4 mm hole diameter and 10% moisture content which decreased to the lowest grinding effectiveness (8.88) which obtained at 8 mm hole diameter and 10% moisture content.
